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ABSTRACT
Recently hints of lepton flavor non-universality emerged in the BaBar and LHCb
experiments. In this paper we propose tests of lepton universality in ντ scattering. To
parametrize the new physics we adopt an effective Lagrangian approach and consider the
neutrino deep inelastic scattering processes ντ + N → τ + X and νµ + N → µ + X where
we assume the largest new physics effects are in the τ sector. We also consider an explicit
leptoquark model in our calculations. In order to make comparison with the standard model
and also in order to cancel out the uncertainty of the parton distribution functions, we
consider the ratio of total and differential cross sections of tau-neutrino to muon-neutrino
scattering. We find new physics effects that can be possibly be observed at the proposed
Search for Hidden Particles (SHiP) experiment at CERN.
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CHAPTER 1
INTRODUCTION
The flavor sector of standard model (SM) has many puzzles. A key property of the
SM gauge interactions is that they are lepton flavor universal. Evidence for violation of
this property would be a clear sign of new physics (NP) beyond the SM. In the search
for NP, the second and third generation quarks and leptons could be special because they
are comparatively heavier and are expected to be relatively more sensitive to NP. As an
example, in certain versions of the two Higgs doublet models (2HDM) the couplings of the
new Higgs bosons are proportional to the masses and so NP effects are more pronounced for
the heavier generations. Moreover, the constraints on new physics, especially involving the
third generation leptons and quarks, are somewhat weaker allowing for larger new physics
effects.
Interestingly, there have been some reports of nonuniversality in the lepton sector from
experiments. Recently, the BaBar Collaboration with their full data sample has reported
the following measurements [1, 2]:
R(D) ≡ B(B¯ → D
+τ−ν¯τ )
B(B¯ → D+`−ν¯`) = 0.440± 0.058± 0.042 ,
R(D∗) ≡ B(B¯ → D
∗+τ−ν¯τ )
B(B¯ → D∗+`−ν¯`) = 0.332± 0.024± 0.018 , (1.1)
where ` = e, µ. The SM predictions are R(D) = 0.297 ± 0.017 and R(D∗) = 0.252 ± 0.003
[1, 3], which deviate from the BaBar measurements by 2σ and 2.7σ, respectively. (The
BaBar Collaboration itself reported a 3.4σ deviation from SM when the two measurements
of Eq. (1.1) are taken together.) This measurement of lepton flavor nonuniversality, referred
to as the R(D(∗)) puzzles, may be providing a hint of the new physics (NP) believed to
exist beyond the SM. There have been numerous analyses examining NP explanations of the
R(D(∗)) measurements [4, 5].
In another measurement the LHCb Collaboration recently measured the ratio of decay
rates for B+ → K+`+`− (` = e, µ) in the dilepton invariant mass-squared range 1 GeV2
≤ q2 ≤ 6 GeV2 [6]. They found
RK ≡ B(B
+ → K+µ+µ−)
B(B+ → K+e+e−) = 0.745
+0.090
−0.074 (stat)± 0.036 (syst) , (1.2)
is a 2.6σ difference from the SM prediction of RK = 1 ± O(10−4) [7]. In addition, we note
that the three-body decay B0 → K∗µ+µ− by itself offers a large number of observables in
the kinematic and angular distributions of the final-state particles, and it has been argued
1
that some of these distributions are less affected by hadronic uncertainties [8]. Interestingly,
the measurement of one of these observables shows a deviation from the SM prediction [9].
However, the situation is not clear whether this anomaly is truly a first sign of new physics
[10].
The tau neutrino, ντ , was discovered by the DONuT experiment [11] which mea-
sured the charged-current (CC) interaction cross section of the tau neutrino. The DONuT
central-value results for a ντ scattering cross section show deviation from the standard model
predictions by about 40% but with large experimental errors; thus, the measurements are
consistent with the standard model. The third generation lepton has been explored relatively
less than the other two generations and in particular there has not been much investigation
of ντ properties. One of the predictions of the Standard Model (SM) is that gauge bosons
couple to the three generations of leptons universally. A careful test of this prediction is
very important and observation of nonuniversality in the interactions of the lepton families
would be an important discovery.
In previous publications there was new physics in ντ scattering for quasi-exclusive,
resonant and DIS scattering [12]. Those papers were more focused on the error in the
extraction of neutrino mixing angles in presence of new physics. In this work we study just
ντ interaction with focus on observables that may be measured at a ντ scattering experiment.
There is a proposed Search for Hidden Particles (SHiP) experiment at CERN [13] which is
expected to have a large sample of ντ which could be used to probe new physics in ντ
scattering. In previous work new physics tensor interactions were not considered. In this
work we will be interested at neutrino energies where the DIS component of the scattering
process is dominant.
The paper is organized in the following manner.
• Chapter 2 briefly presents an overview of Standard Model.
• In Chapter 3 a description of gauge theory is given.
• Chapter 4 gives a brief description about physics beyond the standard model and
introduce an effective Hamiltonian with new physics operators.
• Chapter 5 discusses the DIS process with new physics effects.
• Chapter 6 fixes the constraints of non-standard interaction coupling constants from τ
decays. We will consider the decays τ → piντ and τ → pipiντ which are well measured..
• Chapter 7 present a final results and analyses.
• We present our conclusion in Chapter 8.
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CHAPTER 2
THE STANDARD MODEL OVERVIEW
2.1 The particles
The current standard model(SM) of particle is a partially unified quantum gauge field
theory for the electromagnetic and weak interactions, which exhibits a broken SU(2)×U(1)
symmetry, together with the SU(3) symmetric quantum chromodynamics for the strong in-
teraction. The Stadard Model of particle physics comprises 12 vector boson fields, 45 Weyl
fermion fields, and a complex doublet scalar Higgs fields. Our universe is made of those
fundamental spin-1/2 fermions, the leptons and quarks, which are listed below.
Generation First Second Third
Leptons e−,νe µ−,νµ τ−,ντ
Quarks d,u s,c b,t
Those fermions interact with each other through the exchange of the spin-1 verctor bosons
and through gravitation as described by general relativity, and also through the exchange of
some spin-0 scalar Higgs, which play a crucial role in generating mass. The 12 vector bosons
Aaµ(x) are gauge fields of the local symmetry
G = SU(3)C × SU(2)L × U(1)Y , (2.1)
which are listed below.
mediator Force Mass
γ Eletromagnetic Interaction 0
W±,Z0 Weak Interaction 80.385± 0.015GeV,91.187± 0.0021GeV
g Strong Interaction 0
The leptons carry ”lepton number” L = +1, but zero ”baryon number”, while the
quarks have ”baryon number” B = +1/3, but zero ”lepton number”. Each particle has an
associated antiparticle with the same mass but opposite quantum numbers. The net lepton
number and net baryon number appear to be conserved in all the interactions. What’s
more, in Standard Model, ”lepton flavors” is conserved. Therefore, we have three kinds of
”lepton number”, ”electron number” Le, ”muon number” Lµ, and ”tau number” Lτ , which
are conserved individually.
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The weak interaction can mix the quarks in all possible ways consistent with charge
conservation. There is thus no analog of the conservation of Le or Lµ for quarks. But the
thing special for quarks is that each of the quarks can exist in three forms distinguished by
the so-called ”color” quantum number associated with the strong interaction which can take
the values ”red”, ”blue”, or ”green”. Mesons which are made of quark and anti-quark and
baryons which are made of three quarks have to be color singlet.
There are no known interactions in Standard Model that mix quarks with leptons and hence
the total quark number is conserved. This is referred to as baryon number conserved since
B = 3[N(q)−N(q¯)]. This rule is crucial to the stability of protons and hence of matter itself,
but it has no deep theoretical basis. Indeed, in new physics, we shall find the interaction
violates this rule, thereby giving the proton a finite lifetime.
2.2 The forces
In the standard model these fundamental particles undergo four known types of gauge
interaction–gravitation, electromagnetism, and the weak and strong forces.
According to Newton’s nonrelativistic theory the gravitational potential energy be-
tween particle of mass m1 and m2 separated by a distance r is
V (r) = −GNm1m2
r
. (2.2)
A dimensionless measure of the strength of the gravitational coupling is give by GNm
2
~c , and
if we insert a typical mass, such as that of the proton, we find that
GNm
2
p
~c ≈ 10−40 is so
extraordinary small that gravity can safely be neglected in most practical aspects of particle
physics. The gravitational force is carried by graviton. Since the gravitational force is
of infinite range, these gravitons must be massless, and because in general relativity the
quantum field represents fluctuations of the rank-2 metric of space time gµν , it must have
spin 2.
According to Coulomb’s law, the interaction potential between particles with charges Q1 and
Q2 respectively, separated by a distance r is
V (r) =
Q1Q2
4pi0r
. (2.3)
A convenient dimensionless measure of the electromagnetic coupling is α ≡ e2
4pi0~c ≈ 1137 .
The quantum of the electromagnetic field is of course the photon γ. Since this force is also
of infinite range, the photon must be massless, which is consistent with the Standard Model.
As we should see later, photon represents the U(1) gauge-invariant rank-1 electromagnetic
potential Aµ, it must have spin 1.
We don’t have a classical equation to describe weak interaction and strong interaction.
The weak interaction is of very short range. The strength is given by the Fermi constant
GF . It is a universal interaction in the sense that all quarks and leptons have the same
overall weak coupling strength. The dimensionless coupling for a particle of typical hadronic
mass mp is
GFm
2
pc
4
(~c)3 ≈ 10−5. In fact, the weak interaction coupling g is comparable to e(see
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eq.(3.47)). But according to the Feynman rule GF ∼ g2M2W ∼
e2
M2W
, it is obvious that the
reason why weak interaction is so much weaker than electromagnetic interaction is that the
mediator is very massive. Parity is not conserved in weak interaction because these W bosons
couple only to the left-handed chiral projections of the quark and lepton fields.
Finally, we come to the strong force that bind quarks together to form hadrons, and
hadrons into complex neclei. This force is associated with the color coupling. As we will
mention later, the nature of the strong force can be deduced simply by demanding that it
should obey an exact local SU(3) color gauge symmetry, analogous to the U(1) invariance
of electromagnetism. The massless quanta of this quantum chromodynamics(QCD) color
field are called ”gluons”. Since the gluons carry color they can interact with each other.
The strength of the coupling gs(MZ) = 1.214 gives the probability of a quark or gluon
emitting a gluon, and it is convenient to introduce αs ≡ g2s4pi , indicating the strength of
strong interaction. The value of coupling constants of three fundamental force are given in
the Table 2.1.
In summary, in order to account for all the known types of interactions, we need the
spin-2 graviton and the 12 spin-1 gauge bosons. The standard model of particles is thus
gravitation, together with the above SU(3)C × SU(2)L × U(1)Y gauge invariant strong and
electroweak interactions. After the spontaneous symmetry breaking as a result of the Higgs
coupling, we are left with SU(3)C ×U(1)EM as exact gauge symmetries, and the gluons and
the photon as massless particles. In the next chapter, we will present more details about
gauge theory.
Electric interaction Weak interaction Strong interaction
ge = e =
√
4piα = 0.302822 gW =
ge
sinθW
=0.6295, gZ =
gW
cosθW
= 0.7180 gs = 1.214
Table 2.1: The coupling constant of three fundamental force at MZ scale
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CHAPTER 3
GAUGE THEORY
All of the quantum field theories that have been successful in describing the funda-
mental interactions of nature are ”gauge theories,” that is to say that they are invariant
under gauge transformations of the field potentials. This property has long been recognized
in classical electromagnetism. It also turned out to be the key to the development of QCD
for the strong color interaction, and to the formulation of the unified electroweak theory,
too. This chapter gives a brief introduction to such theories. And we will see how to obtain
interaction Lagrangian from the requirement of local gauge invariance.
3.1 QED
Quantum electrodynamics(QED) is the quantum theory of the interactions of charged
particles. Its free-field Lagrangian density
L0 = ψ¯(x)(iγ
µ∂µ −m)ψ(x) (3.1)
is invariant under global phase transformation
ψ(x)→ ψ′(x) = ψ(x)e−iα,
ψ¯(x)→ ψ¯′(x) = ψ¯(x)eiα, (3.2)
where α is a real number. According to Noether’s theorem, this invariance ensures current
conservation. The current
sµ(x) =
∂L
∂ψr,µ
δψr
= qψ¯(x)γµψ(x) (3.3)
satisfies ∂µs
µ(x) = 0, so that the charge
Q =
∫
d3xs0x = q
∫
d3xψ†(x)ψ(x) (3.4)
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is conserved.
Now, let us extent to a set of local phase transformations
ψ(x)→ ψ′(x) = ψ(x)e−iqf(x),
ψ¯(x)→ ψ¯′(x) = ψ¯(x)eiqf(x). (3.5)
(3.6)
To restore invariance, we need to introduce the covariant derivative Dµ and a gauge boson
Aµ(x)
Dµψ(x) = [∂µ + iqAµ(x)]ψ(x), (3.7)
where the gauge boson transforms under a gauge transformation in the usual way:
Aµ(x)→ A′µ(x) + ∂µf(x). (3.8)
Then, we obtain the familiar U(1) local gauge invariant Lagrangian of QED:
L = ψ¯(x)(iγµDµ −m)ψ(x),
= L0 −LI , (3.9)
where
LI = qψ¯γ
µψ(x)Aµ(x) (3.10)
which is the interaction of the charged particle and gauge boson, photon. For completeness,
we have to include the Lagrangian in the absence of charge
LF = −1
4
Fµν(x)F
µν(x), (3.11)
where
F µν(x) ≡ ∂νAµ(x)− ∂µAν(x). (3.12)
Therefore, the total Lagrangian is
L = ψ¯(x)(iγµDµ −m)ψ(x)− 1
4
FµνF
µν . (3.13)
3.2 QCD
Quantum chromodynamics(QCD) is a quantum field theory for describing strong in-
teraction. We can formulate QCD as a gauge theory with symmetry group SU(3) in analogy
to QED. But instead, we have an SU(3) color charge(red, green and blue) conservation rather
than electric charge. Just as the spin wavefunctions are acted on by spin operators which
can be represented by two-dimensional Hermitian matrices, the color wavefunctions are acted
on by ’colour operators’ which can be represented by three-dimensional Hermitian matrices.
Apart from the unit matrix, there are eight linearly independent Hermitian matrices in three
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dimensions. These are conveniently chosen to be
Fˆi =
1
2
λi (i = 1, 2, ..., 8), (3.14)
where λi (i = 1, 2, ..., 8) are eight linearly independent Hermitian matrices in three dimen-
sion, given as follow
λ1 =
0 1 01 0 0
0 0 0
λ2 =
0 −i 0i 0 0
0 0 0
λ3 =
1 0 00 −1 0
0 0 0
λ4 =
0 0 11 0 0
1 0 0

λ5 =
0 0 −i1 0 0
i 0 0
λ6 =
0 0 01 0 1
0 1 0
λ7 =
0 0 01 0 −i
0 i 0
λ8 = 1√
3
1 0 01 1 0
0 0 −2
 .
(3.15)
The operators Fˆi(i = 1, 2, ..., 8) are called colour operators and satisfy commutation relations
of the form
[Fˆi, Fˆj] = ifijkFˆk. (3.16)
The structure constant fijk are numbers which are totally antisymmetric.
ijk 123 147 156 246 257 345 367 458 678
fijk 1 1/2 -1/2 1/2 1/2 1/2 -1/2
√
3/2
√
3/2
Table 3.1: Some of the coefficients in the commutation relations (3.16). All the non-zero
coefficients can be deduced from these by using the fact that fijk is totally antisymmetry
Because the matrices λj are not all diagonal, and thus they are not all commute with
each other, this interaction can annihilate quarks of one colour r,g,b and create quarks
of a differnet colour. Hence by colour conservation, the quanta of the gauge fields Aµj (x)-
called gluons - must also have non-zero colour charges. This is contrast to QED, where the
interactions are transmitted by photons which have zero eletric charge. So, the gluons can
interact with themselves. Those kinds of groups are called non-abelian group.
We next find a set of symmetry transformations which lead to the conservation of the colour
charges, rather than electric charge. In order to do this, we start from the free quark
Lagrangian density
L0 = [ψ¯fr (x)(i/∂ −mf )ψfr (x) + ψ¯fg (x)(i/∂ −mf )ψfg (x) + ψ¯fb (x)(i/∂ −mf )ψfb (x)],
= Ψ¯f (x)(i/∂ −mf )Ψf (x),
(3.17)
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whereΨf (x) =
ψfr (x)ψfg (x)
ψfb (x)
. And the Lagrangian density is invariant under the global trans-
formation
Ψf (x)→ Ψf ′(x) = U(α)Ψf (x) ≡ eiαiλi/2Ψf (x),
Ψ¯f (x)→ Ψ¯f ′(x) = Ψ¯f (x)U †(α) ≡ Ψ¯f (x)e−iαiλi/2, (3.18)
where λi are the matrices (3.15) and the αi are eight arbitrary real numbers. Now using the
Eq.(3.3),we can get eight conserved currents
Sµi (x) =
1
2
Ψ¯f (x)γµλiΨ
f (x) (i = 1, 2, ..., 8). (3.19)
And eight corresponding conserved charges
Fˆi ≡
∫
d3xS0i (x) =
1
2
∫
d3xΨf†(x)λiΨf (x) (1 = 1, 2..., 8), (3.20)
which are called colour charges also satisfying the commutation relation (3.16). We next
generalize the SU(3) transformations (3.18) from global to local phase transformations. In
order to retain invariance under local phase transformations, we shall have to introduce gauge
fields Aµj (x), ang this will automatically generate the interactions. The local transformations
are
Ψf (x)→ Ψf ′(x) = exp[igsλjωj(x)/2]Ψf (x),
Ψ¯f (x)→ Ψ¯f ′(x) = Ψ¯f (x)exp[−igsλjωj(x)/2]. (3.21)
Here ωj(x) are arbitary real differentiable functions and gs is a real coupling constant given
in the Table 2.1. Then the lagrangian denstity goes to
Lq(x) = Ψ¯
f (x)(i /D −mf )Ψf (x) = L0 +LI (3.22)
where
DµΨ
f (x) = [∂µ + igsλjA
µ
j (x)/2]Ψ
f (x),
LI = −1
2
gsΨ¯
f (x)γµλjΨ
f (x)Aµj (x). (3.23)
And
Aµj (x)→ Aµ′j (x) ≡ Aµj (x)− ∂µωi(x)− gsfijkωj(x)Aµk(x), (3.24)
where fijk are the structure constants of SU(3). Their values are in the Table 3.1.
Now let us write another part of QCD Lagrangian density containing terms which describe
the gluons when no quarks are present.
LG = −1
4
Giµν(x)G
µν
i (x), (3.25)
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where
Gµνi (x) ≡ F µνi (x) + gsfijkAµj (x)Aνk(x),
F µνi (x) ≡ ∂νAµi (x)− ∂µAνi (x) (3.26)
We can see that comparing to QED, we have an additional term contains the structure
constant fijk and strong interaction coupling constant gs. Then quantum chromodynamics
is the theory defined by the Lagrangian density
L = Ψ¯f (x)(i /D −mf )Ψf (x)− 1
4
Giµν(x)G
µν
i (x). (3.27)
Now, let us summarize some important physical properties of QCD which can be
inferred directly from the Lagrangian density (3.27). We start by considering the gluons.
On substituting Eq.(3.26) in Eq.(3.25) one obtains
LG = −1
4
Fiµν(x)F
µν
i (x) + gsfijkAiµ(x)Ajν(x)∂
µAνk(x) (3.28)
−1
4
g2sfijkfilmA
µ
j (x)A
ν
k(x)Alµ(x)Amν(x) (3.29)
for the purely gluonic contribution to the Lagrangian density. The first term in Eq.(3.29)
is the Lagrangian density for eight non-interacting massless spin 1 gluon fields. As already
noted, these particles have non-zero colour charges and hence cannot be observed as isolated
free particles because of colour confinement. In contrast, the second and third terms repre-
sent interactions of gluon field amongst themselves. In perturbation theory, they generate
three- and four-line vertices. These gluon self-interactions are the triking features of the the-
ory. They arise because the gluons, which transmit the interaction between colour charges,
themselves have non-zero colour charges.
3.3 Weak Interaction
We shall now apply the approach outlined in the last section to formulate the theory
of weak interaction as a gauge theory. To begin with, we shall assume that all leptons are
massless. Then the free-lepton Lagrangian density is
L0 = i[ψ¯l(x)/∂ψl(x) + ψ¯νl(x)/∂ψνl(x)],
= i[Ψ¯Ll (x)/∂Ψ
L
l (x) + ψ¯
R
l (x)/∂ψ
R
l (x) + ψ¯
R
νl(x)/∂ψ
R
νl(x)],
(3.30)
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where ΨLl (x) =
(
ψLνl(x)
ψLl (x)
)
. For the two-component left-handed fields which we call weak
isospinor, the global SU(2) transformations are
ΨLl (x)→ ΨL′l (x) = U(α)ΨLl (x) ≡ eiαjτj/2ΨLl (x),
Ψ¯Ll (x)→ Ψ¯L′l (x) = Ψ¯Ll (x)U †(α) ≡ Ψ¯Ll (x)e−iαjτj/2,
(3.31)
where τj are Pauli spin matrices
τ1 =
(
0 1
1 0
)
τ2 =
(
0 −i
i 0
)
τ3 =
(
1 0
0 −1
)
(3.32)
with the commutation relations [τi, τj] = 2iijkτk and α ≡ (αi, αj, αk) are three real numbers.
ijk is the usual completely antisymmetric tensor.
The one-component right-handed fields which we called weak isoscalar are singlet
under any SU(2) transformation. Now let us consider the global U(1) transformations for
weak isospinor and weak isoscalar. The free-lepton Lagrangian density is invariant under
the transformations
ΨLl (x)→ ΨL′l (x) = e−iβ/2ΨLl (x),
ψRl (x)→ ψR′l (x) = e−iβψRl (x),
ψRνl(x)→ ψR′νl (x) = ψRνl(x),
Ψ¯Ll (x)→ Ψ¯L′l (x) = Ψ¯Ll (x)eiβ/2,
ψ¯Rl (x)→ ψ¯R′l (x) = ψ¯Rl (x)eiβ,
ψ¯Rνl(x)→ ψ¯R′νl (x) = ψ¯Rνl(x).
(3.33)
Eq.(3.31) leads to the three conserved currents
Jαi (x) =
1
2
Ψ¯Ll (x)γ
ατiΨ
L
l (x), i = 1, 2, 3, (3.34)
which are called weak isospin currents. And the three corrsponding conservd charges
IWi =
∫
d3xJ0i (x) =
1
2
∫
d3xΨL†l (x)τiΨ
L
l (x), i = 1, 2, 3, (3.35)
which are called weak isospin charges. Eq.(3.33) can give us one conserved current, which is
weak hypercharge curren as follow
JαY (x) = −
1
2
Ψ¯Ll (x)γ
αΨLl (x)− ψ¯Rl (x)γαψRl (x),
= sα(x)/e− Jα3 (x), (3.36)
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where sα(x) = −eψ¯l(x)γαψl(x) is the electromagnetic current. And the corresponding charge
Y =
∫
d3xJ0Y (x), (3.37)
is called the weak hypercharge. We see from Eq.(3.36) that Y is related to the electric charge
Q and the weak isocharge IW3 by Y = Q/e− IW3 .
We next generalize the above SU(2) and U(1) transformations from global to local
phase transformations. Let us start with the SU(2) transformations and replace the global
transformations (3.31) by the local phase transformations
ΨLl (x)→ ΨL′l (x) = eigτjωj(x)/2ΨLl (x),
Ψ¯Ll (x)→ Ψ¯L′l (x) = Ψ¯Ll (x)e−igτjωj(x)/2,
(3.38)
where ωj(x), j = 1, 2, 3, are three arbitrary real differential functions of x, and g is a coupling
constant. And the corresponding local transformations for U(1) is
ψ(x)→ ψ′(x) = exp[ig′Y f(x)]ψ(x),
ψ¯(x)→ ψ¯′(x) = ψ¯(x)exp[−ig′Y f(x)],
(3.39)
where g′ is a coupling constant, f(x) is an arbitrary real differentiable function, and Y =
−1
2
,−1, 0 is the weak hypercharge associated with the fields ΨLl (x),ψRl (x) and ψRνl(x) re-
spectively. To restore the invariance of Lagrangian density under local SU(2) × U(1) gauge
transformations, the leptonic Lagrangian density goes to
L L = i[Ψ¯Ll (x) /DΨ
L
l (x) + ψ¯
R
l (x) /Dψ
R
l (x) + ψ¯
R
νl(x) /Dψ
R
νl(x)],
where we replace the ordinary derivatives by covariant derivatives
DµΨLl (x) = [∂
µ + igτiW
µ
i (x)/2− ig′Bµ(x)/2]ΨLl (x),
DµψRl (x) = [∂
µ − ig′Bµ(x)]ψRl (x),
DµψRνl(x) = ∂
µψRνl(x),
(3.40)
with the transformations of the gauge fields,
W µi (x)→ W µ′i (x) = W µi (x)− ∂µωi(x)− gijkωj(x)W µk (x),
Bµ(x)→ Bµ′(x) = Bµ(x)− ∂µf(x),
(3.41)
where the gauge fields W µi (x) are invariant under U(1) gauge transformations and B
µ(x) is
is invariant under SU(2) gauge transformations.
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We can write the Lagrangian density (3.40) in the form
L L = L0 +LI , (3.42)
where L0 is the free-lepton Lagrangian density and
LI = −gJµi (x)Wiµ(x)− g′JµY (x)Bµ(x) (3.43)
represents the interaction of the weak currents and the weak hypercharge current with the
gauge fields Wiµ(x) and Bµ(x). In order to make the interaction to be in accord with IVB
theory, we shall write the weak isospin currents Jµ1 (x) and J
µ
2 (x) in terms of the charged
leptonic currents
Jµ(x) = 2[Jµ1 (x)− iJµ2 (x)] = ψ¯l(x)γµ(1− γ5)ψνl(x),
Jµ†(x) = 2[Jµ1 (x) + iJ
µ
2 (x)] = ψ¯νl(x)γ
µ(1− γ5)ψl(x). (3.44)
And introduce the non-Hermitian gauge field
Wµ(x) =
1√
2
[W1µ(x)− iW2µ(x)] (3.45)
and its adjoint W †µ(x) in place of W1µ(x) and W2µ(x). In the remaining two terms of LI , we
write W3µ(x) and Bµ(x) as linear combination of two different Hermitian fields Aµ(x) and
Zµ(x), defined by
W3µ(x) = cosθWZµ(x) + sinθWAµ(x),
Bµ(x) = −sinθWZµ(x) + cosθWAµ(x),
(3.46)
where the angle θW is the weak angle and in order to include electromagnetic interaction in
this Lagrangian, we required
gsinθW = g
′cosθW = e. (3.47)
Then we obtain the final expression for the interaction Lagrangian density
LI = −sµ(x)Aµ(x)− g
2
√
2
[Jµ†(x)Wµ(x)+Jµ(x)W †µ(x)]−
g
cosθW
[Jµ3 (x)−sin2θW sµ(x)/e]Zµ(x).
(3.48)
The first term in Eq.(3.48) is the familiar interaction of QED. The second term is just the
IVB interaction Lagramgian density. The quanta of the gauge field W (x) are just the W±
vector bosons. The third term represents a neutral current
Jµ3 (x) − sin2θW sµ(x)/e
=
1
4
ψ¯νl(x)γ
µ(1− γ5)ψνl(x)− 1
4
ψ¯l(x)γ
µ[(1− 4sin2θW )− γ5]ψl(x) (3.49)
coupled to a real vector field Zµ(x). And good agreement between theory and experiment is
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obtained by taking
sin2θW = 0.23122± 0.00015. (3.50)
The Lagrangian density (3.42), which we have considered, describes the free leptons and
their interactions with the gauge fields. The complete Lagrangian density must also have
terms which describe these gauge bosons when no leptons are present. These terms must
also be SU(2)×SU(1) gauge-invariant. We shall for the moment assume the gauge bosons to
have zero masses. In analogy to the electromagnetic case, a U(1) gauge-invariant Lagrangian
density for the Bµ(x) field is given by
LB = −1
4
Bµν(x)B
µν(x), (3.51)
where
Bµν(x) ≡ ∂νBµ(x)− ∂µBν(x). (3.52)
And in analogy to the SU(3) case in Eq.(3.26), the Lagrangian density for the W µi (x) fields
is
LG = −1
4
Giµν(x)G
µν
i (x), (3.53)
where
Bµνi (x) ≡ F µνi (x) + gijkW µj (x)W νk (x), F µνi (x) ≡ ∂νW µi (x)− ∂µW νi (x). (3.54)
Combining expressions(3.51)and(3.53), we obtain the complete SU(2)×U(1) gauge-invariant
Lagrangian density for the gauge bosons
L B = −1
4
Bµν(x)B
µν(x)− 1
4
Giµν(x)G
µν
i (x),
= −1
4
Bµν(x)B
µν(x)− 1
4
Fiµν(x)F
µν
i (x)
+ gijkWiµ(x)Wjν(x)∂
µWkν(x)
− 1
4
g2ijkilmW
µ
j (x)W
ν
k (x)Wlµ(x)Wmν(x),
= L B0 +L
B
I , (3.55)
where L B0 represents the free gauge fields, and L
B
I represents interactions of gauge bosons.
In terms of the fields Aµ(x),Zµ(x) and W µ(x), L B0 becomes
L B0 = −
1
4
Fµν(x)F
µν(x)− 1
2
F †Wµν(x)F
µν
W (x)−
1
4
Zµν(x)Z
µν(x), (3.56)
where F µν(x) is the electromagnetic field tensor (3.12), F µνW (x) is the corresponding tensor
for the W µ(x) field
F µνW (x) ≡ ∂νW µ(x)− ∂µW ν(x), (3.57)
and
Zµν(x) ≡ ∂νZµ(x)− ∂µZν(x), (3.58)
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is similar associated with the Zµ field. Eq.(3.56) is thus the free-field Lagrangian density for
mass zero, spin 1 γ, W± and Z0 bosons. In contrast the third and fourth terms in Eq.(3.55)
represent interactions of the gauge bosons amongst themselves. In perturbation theory, these
terms generate three- or four-line line vertices. These boson self-interactions are one of the
most striking features of the theory. They arise because the W µi fields, which transmit the
interactions between the weak isospin currents, themselves are weak isospin vectors carrying
weak isospin charge.
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CHAPTER 4
PHYSICS BEYOND THE STANDARD MODEL
In the chapter 2, a brief introduction to the Standard Model was given. In this
chapter, let us talk a little bit about the physics beyond the Standard Model and give the
effective Hamiltonian for ντ nucleon deep inelastic scattering in the presence of NP. At the
beginning, we should know why we wish to go beyond it.
There are lots of reasons for us to believe that the standard model is not the whole
story. Undoubtedly, the most compelling reason for our dissatisfaction is that the standard
model does not include gravity. Except that, the standard model itself, although exper-
imentally well confirmed, has several unsatisfactory, or at least, unnatural features. The
Higgs spontaneous symmetry breakdown mechanism, which is crucial to the success of the
standard model, requires an inelegant and arbitrary addition to the Lagrangian. And be-
fore spontaneous symmetry breakdown, we cannot distinguish each leptons and quarks with
the same electric charge. Since their only difference is their mass. Therefore, even worse
is the fact that the theory offers no explanation for family replication. Related to this is
our complete ignorance as to the origin of the parameters in the mass matrix, all of which
seem quite arbitrary. The standard model is based on the SU(3)C × SU(2)L×U(1)Y gauge
Figure 4.1: The Feynman diagram for the process ντ + d→ τ + u mediated by leptoquark.
group. This gauge group has three factors, and hence has three independent coupling con-
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stants. It offers a glimpse of unification in the breakdown of SU(2)L×U(1)Y → U(1)Q, but
this does not take us very far. Also, it is strange that one of these factors(SU(2)) is only
related to the left handed states. Thus, it is natural for us to extend the gauge group to
SU(3)C×SU(2)L×SU(2)R×U(1)Y , which means in addition to the 12 known gauge bosons
of the standard model(the eight gluons, W±,Z0 and γ), we have three more gauge bosons
similar to W± and Z0. Let us call it W ′± and Z ′0. Those kinds of new gauge bosons can
mediated non-standard interaction like V + A interaction.
What’s more, in the new physics there might be gauge bosons, called leptoquarks,
which link the quarks and leptons. These leptoquarks will mediate new interactions that
violate baryon number (B) and lepton number (L) conservation. The Feynman diagram for
the process ντ + d→ τ + u mediated by leptoquarks is depicted as Fig.(4.1).
Evidently, these new interaction must be sufficiently weak to have eluded detection so
far, which means that W ′±, Z ′0, leptoquarks and some other new gauge bosons must be very
massive. In the chapter 5, we will investigate effects of model independent NP operators on
the deep inelastic neutrino nucleon scattering through charged current. Their interaction
coupling constants will be discussed in Chapter 6. Next, we will introduce the effective
Hamiltonian with model independent NP operators.
In the presence of NP, the effective Hamiltonian for the scattering process ντ +N →
τ +X can be written in the form [14],
Heff = 4GFVqq′√
2
[
(1 + VL) [q¯′γµPLq] [l¯γµPLνl] + VR [q¯′γµPRq] [l¯γµPLνl]
+SL [q¯′PLq] [l¯PLνl] + SR [q¯′PRq] [l¯PLνl] + TL [q¯′σµνPLq] [l¯σµνPLνl]
]
, (4.1)
where GF = 1.1663787(6)× 10−5GeV −2 is the Fermi coupling constant, Vqq′ is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element, PL,R = (1 ∓ γ5)/2 are the projectors of nega-
tive/positive chiralities. We use σµν = i[γµ, γν ]/2 and assume the neutrino to be always left
chiral.To introduce non-universality the NP couplings are in general different for different
lepton flavors. We assume the NP effect is mainly through the τ lepton. The SM effective
Hamiltonian corresponds to SL = SR = VL = VR = TL = 0.
The Hamiltonian in the presence of only scalar and tensor operators can be written
as,
Heff = GFVqq′√
2
[
l¯(1− γ5)νl q¯′(A+Bγ5)q + TL l¯σµν(1− γ5)νl q¯′σµν(1− γ5)q
]
, (4.2)
where A = SR + SL and B = SR − SL with SL and SR are the left and right handed scalar
couplings and TL is the tensor coupling.
We will first employ a model independent approach and treat the scalar and tensors
coupling one at a time. Since, in many realistic models both the scalar and tensor couplings
may be present, we will consider an explicit leptoquark model where both the scalar and
tensor couplings are present.
The Hamiltonian in the presence of only V ± A operators was considered in our
previous work [12]. There the effective Hamiltonian was written in terms of a W ′ model,
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which could arise in extensions of the SM [15], as
L = g√
2
Vf ′f f¯
′γµ(gf
′f
L PL + g
f ′f
R PR)fW
′
µ + h.c.. (4.3)
Integrating out the W ′ leads to
L = g
2
2M2W
Vf ′f
[
f¯ ′γµ(
M2W
M2W ′
gf
′f
L PL +
M2W
M2W ′
gf
′f
R PR)f
] [
gl,νl l¯γµPLνl
]
+ h.c.,
L = 4GFVf ′f√
2
[
f¯ ′γµ(
M2W
M2W ′
gf
′f
L PL +
M2W
M2W ′
gf
′f
R PR)f
] [
gνl,l l¯γµPLνl
]
+ h.c..
(4.4)
Comparing Eq. 4.4 with Eq. 4.1 we have the following relations
VL =
M2W
M2W ′
gf
′f
L g
l,νl ,
VR =
M2W
M2W ′
gf
′f
R g
l,νl . (4.5)
In the following, I will use model independent approach rather than W ′ model. We
just call VL,R the couplings of (V ± A) NP operators.
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CHAPTER 5
DEEP INELASTIC NEUTRINO NUCLEON SCATTERING
There are three main reasons why we look for new physics effects on deep inelastic
τ neutrino nuclear scattering. The first one is that in deep inelastic scattering, the incident
particle has high energy. According to quantum theory a high-energy beam has a short
associated wavelength λ ≈ ~c/E. Hence the incident particle can interact with quarks inside
the nucleon directly and some nuclear effects can be ignored. The second reason is due to the
small cross section in neutrino scattering, where the effects of new physics involved can be
easily observed. The last one has to do with the mass of τ neutrino. Since τ neutrino is much
heavier that the other two kinds of neutrino, it may have a relatively large coupling constant
with new gauge bosons. In the following, more details about theoretical calculations of the
cross section in the DIS process (5.1) will be presented.
ντ (k1) +N(p1)→ τ−(k2) +X(pn). (5.1)
In the parton model, the inclusive scattering is viewed as due to incoherent elastic scattering
from point-like constituents of the nucleon, the quarks, depicted in Fig.(5.1). The interaction
process becomes
ντ (k1) + q(ξp1)→ τ−(k2) + q′(p2). (5.2)
The final-state partons then recombine somehow into hadronic states. Each of the spin-
1/2 quarks is hypothesized to carry a fraction of the original nucleon momentum ξp with
0 ≤ ξ ≤ 1. And the probability density that the quark q has a momentum constituting an
ξth part of the nucleon momentum is f(ξ), which is called parton distribution function.
In order to calculate the cross section of the process (5.2), we must find the matrix element
Sfi =< f |S|i > at the second order, where the operator S is given by the following general
expression
S = T (e−i
∫ HI(x)dx). (5.3)
The expression for the S-matrix element in the momentum space is given as
Sfi = δfi + (2pi)
4δ4(Σp′f − Σpi)
∏
i
(
1
2V Ei
)1/2
∏
f
(
1
2V E ′f
)1/2
∏
l
(2ml)
1/2M, (5.4)
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Figure 5.1: Inelastic neutrino nucleon scattering in parton model.
whereM is the Feynman amplitude. The differential cross-section is the transition rate into
this group of final states for one scattering center and unit incident flux, which is given as
dσ = (2pi)4δ4(Σp′f − Σpi)
1
4E1E2vrel
(
∏
l
(2ml))(
∏
f
d3p′f
(2pi)32E ′f
)|M|2. (5.5)
In the deep inelastic scattering we calculate the differential cross section in the rest frame
of nucleon, where the four momentums are defined as follow kµ1 =
(
Eν , 0, 0, Eν
)
, kµ2 =(
Eτ , pτsinθ, 0, pτcosθ
)
, pµ1 =
(
M, 0, 0, 0
)
. And as indicated in Eq.(5.12), we inte-
grate cross-section with respect to the scaling variables which are defined as follows
x = − q
2
2Mν
,
y =
ν
Eν
,
ν = p1 · q/M = Eν − Eτ , (5.6)
where x is the Bjorken variable and y is the inelasticity with q is the four-momentum transfer.
Through a long calculation, then Eq.(5.5) goes to
dσ
dxdy
=
1
32piMEν
∫
dξ
ξ
f(ξ)|M¯(ξ)|2δ(ξ − x). (5.7)
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The derivation is included in Appendix (A). The physical regions for x and y are obtained
by Albright and Jarlskog [16, 17]
m2τ
2M(Eν −mτ ) ≤ x ≤ 1, (5.8)
and
A−B ≤ y ≤ A+B, (5.9)
where
A =
1
2
(
1− m
2
τ
2MEνx
− m
2
τ
2E2ν
)/(
1 +
xM
2Eν
)
, (5.10)
B =
1
2
[(
1− m
2
τ
2MEνx
)2
− m
2
τ
E2ν
] 1
2
/(
1 +
xM
2Eν
)
. (5.11)
5.1 Scalar and Tensor Interactions
In this section we discuss deep inelastic neutrino nucleon Scattering with the vari-
ous types of interactions. We first present the total and differential cross sections for the
deep inelastic scattering (DIS) process (5.2) with scalar and tensor interactions. The total
differential cross section thus can be written as follows
dσtot
dxdy
=
dσSM
dxdy
+
dσS
dxdy
+
dσT
dxdy
+
dσSM,ST
dxdy
+
dσS,T
dxdy
. (5.12)
According to the effective Hamiltonian in Eq.(4.2), we can obtain the Feynman am-
plitudes as follow
MSM = (
−iGFVqq′√
2
)[u¯τ (k2)γ
µ(1− γ5)uντ (k1)][u¯q′(p2)γµ(1− γ5)uq(ξp1)],
MST = (
GFVqq′√
2
)[[u¯τ (k2)(1− γ5)uντ (k1)][u¯q′(p2)(A+Bγ5)uq(ξp1)]
+TL[u¯τ (k2)σ
µν(1− γ5)uντ (k1)][u¯q′(p2)σµν(1− γ5)uq(ξp1)],
(5.13)
where A = SR +SL,B = SR−SL. SL and SR are the coupling constants for left-handed and
right-handed NP operators. TL are the coupling constant for tensor NP operators. Plugging
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those Feynman amplitude into Eq.(5.7), we then obtain
dσSM
dxdy
=
G2FMEν
pi
(
y(xy +
m2`
2MEν
)F1 + (1− y − Mxy
2Eν
− m
2
`
4E2ν
)F2
+(xy(1− y
2
)− y m
2
`
4MEν
)F3 − m
2
`
2MEν
F5
)
,
dσS
dxdy
=
G2FMEν
4pi
(A2 +B2)y(xy +
m2`
2MEν
)F1,
dσT
dxdy
=
8G2FMEν
pi
T 2L
(
y(xy +
m2`
2MEν
)F1 + 2(1− y − Mxy
4Eν
− m
2
`
8E2ν
)F2 − m
2
`
MEν
F5
)
,
dσSM,ST
dxdy
= 0,
dσS,T
dxdy
=
2G2FMEν
pi
TL(B − A)
(
xy(1− y
2
)− y m
2
`
4MEν
)
F3. (5.14)
In Appendix (B), we present the details of the derivation of dσSM/dxdy as an example. The
form factors Fi are given as
F1 =
∑
q,q¯
fq,q¯(ξ,Q
2)V 2q,q′ ,
F2 = 2
∑
q,q¯
ξfq,q¯(ξ,Q
2)V 2q,q′ ,
F3 = 2
∑
q
fq(ξ,Q
2)V 2q,q′ − 2
∑
q¯
fq¯(ξ,Q
2)V 2q¯,q¯′ ,
F5 = 2
∑
q,q¯
fq,q¯(ξ,Q
2)V 2q,q′ ,
(5.15)
where fq,q¯(ξ,Q
2) are the parton distribution functions. Their explicit forms in this case are
presented in Appendix (C).
We also can write the differential cross sections (5.14) in terms of different variables(t, ν),
where t = q2. Using Eq.(5.6), the transformation has the form
dσ
dxdy
= 2MEνν
dσ
dtdν
. (5.16)
Then the differential cross section can be written as
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dσSM
dtdν
=
G2F
8piE2ν
(2(m2` − t)W1 + (4Eν(Eν − ν)− (m2` − t))W2
− 1
M
(2Eνt+ ν(m
2
` − t))W3 −
2m2`Eν
M
W5),
dσS
dtdν
=
G2F
16piE2ν
(A2 +B2)(m2` − t)W1,
dσT
dtdν
=
G2F
piE2ν
T 2L(2(m
2
` − t)W1 + (8Eν(Eν − ν)− (m2` − t))W2 −
4m2`Eν
M
W5),
dσSM,ST
dtdν
= 0,
dσS,T
dtdν
=
G2F
4piME2ν
TL(B − A)(−2Eνt− (m2` − t)ν)W3, (5.17)
where the (time-reverse invariant) structure functions are [17]
W1(q
2, ν) =
F1(x)
M
,
W2(q
2, ν) =
F2(x)
ν
,
W3(q
2, ν) =
F3(x)
ν
,
W5(q
2, ν) =
F5(x)
ν
. (5.18)
We also define some Lorentz invariant variables in terms of the four-momenta of
the incoming neutrino (k1), target nucleon (p1) and produced charged lepton (k2) in the
laboratory frame
Q2 = −q2 = −t, (5.19)
W 2 = (p1 + q)
2. (5.20)
Q2 is the magnitude of the momentum transfer and W is the hadronic invariant mass. The
physical regions of these variables are given by [18]
Wcut ≤ W ≤
√
s−m`, (5.21)
in the DIS region with Wcut = 1.4GeV ∼ 1.6GeV , and
Q2−(W ) ≤ Q2 ≤ Q2+(W ), (5.22)
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where s = (k1 + p1)
2 and
Q2±(W ) =
s−M2
2
(1± β¯)− 1
2
[
W 2 +m2` −
M2
s
(
W 2 −m2`
)]
, (5.23)
with β¯ = λ
1
2 (1,m2`/s,W
2/s) and λ(a, b, c) = a2 + b2 + c2− 2(ab+ bc+ ca). In the lab frame,
s = M2 + 2MEν .
5.2 Explicit Leptoquark Model
Here we will discuss an explicit case for the leptoquark model. Many extensions of the
SM, motivated by a unified description of quarks and leptons, predict the existence of new
scalar and vector bosons, called leptoquarks, which decay into a quark and a lepton. These
particles carry nonzero baryon and lepton numbers, color and fractional electric charges. The
most general dimension four SU(3)c× SU(2)L×U(1)Y invariant Lagrangian of leptoquarks
satisfying baryon and lepton number conservation was considered in Ref [19]. As the tensor
operators in the effective Lagrangian get contributions only from scalar leptoquarks, we will
focus only on scalar leptoquarks and consider the case where the leptoquark is a weak doublet
or a weak singlet. The weak doublet leptoquark, R2 has the quantum numbers (3, 2, 7/6)
under SU(3)c × SU(2)L × U(1)Y while the singlet leptoquark S1 has the quantum numbers
(3¯, 1, 1/3).
The interaction Lagrangian that induces contributions to ντ +N → τ +X process is
[20]
LLQ2 =
(
gij2L uiRR
T
2 LjL + g
ij
2RQiLiσ2`jRR2
)
,
LLQ0 =
(
gij1L, Q
c
iLiσ2LjL + g
ij
1R, u
c
iR`jR
)
S1, (5.24)
where Qi and Lj are the left-handed quark and lepton SU(2)L doublets respectively, while
uiR, diR and `jR are the right-handed up, down quark and charged lepton SU(2)L singlets.
Indices i and j denote the generations of quarks and leptons and ψc = Cψ
T
= Cγ0ψ∗ is a
charge-conjugated fermion field. The fermion fields are given in the gauge eigenstate basis
and one should make the transformation to the mass basis. Assuming the quark mixing
matrices to be hierarchical, and considering only the leading contribution we can ignore the
effect of mixing. After performing the Fierz transformations, one finds the general Wilson
coefficients at the leptoquark mass scale contributing to the ντ +N → τ +X process:
SL =
1
2
√
2GFVud
[
−g
13
1Lg
13∗
1R
2M2S1
− g
13
2Lg
13∗
2R
2M2R2
]
,
TL =
1
2
√
2GFVud
[
g131Lg
13∗
1R
8M2S1
− g
13
2Lg
13∗
2R
8M2R2
]
. (5.25)
It is clear from Eq. (5.25) that the weak singlet leptoquark and the weak doublet doublet
can add constructively or destructively to the Wilson’s coefficients of the scalar and tensor
operators in the effective Hamiltonian. In this section we will also consider the possibilities
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where both the scalar and the tensor operators are present and are of similar sizes. In
the most general case both the singlet and doublet leptoquarks are present and so both
the scalar and tensor operators appear in the effective Hamiltonian. As there is limited
experimental information, including both the singlet and the doublet leptoquarks will allow
us more flexibility in fitting for the Wilson’s coefficients, but this will come with the price of
less precise predictions for the various observables. We can, therefore, consider the simpler
cases when only a singlet or a doublet leptoquark are present. In these cases, from Eq. 5.25
the coefficients of scalar operators and the tensor operators have the same magnitudes. One
can now consider two further cases:
Case. (a): In this case only the weak doublet scalar leptoquark R2 is present. In this
case the Wilson’s coefficients are
SL =
1
2
√
2GFVcb
[
−g
13
2Lg
13∗
2R
2M2R2
]
,
TL =
1
2
√
2GFVcb
[
−g
13
2Lg
13∗
2R
8M2R2
]
, (5.26)
Case. (b): In this case only the singlet leptoquark is present and the relevant Wilson’s
coefficients are
SL =
1
2
√
2GFVcb
[
−g
33
1Lg
23∗
1R
2M2S1
]
,
TL =
1
2
√
2GFVcb
[
g331Lg
23∗
1R
8M2S1
]
. (5.27)
The relations above are valid at the leptoquark mass scale. We have to run them
down to the τ mass scale using the scale dependence of the scalar and tensor currents at the
leading logarithm approximation
SL(mτ ) =
[
αs(mt)
αs(mτ )
] γS
2β
(5)
0
[
αs(mLQ)
αs(mt)
] γS
2β
(6)
0 SL(mLQ),
TL(mτ ) =
[
αs(mt)
αs(mτ )
] γT
2β
(5)
0
[
αs(mLQ)
αs(mt)
] γT
2β
(6)
0 TL(mLQ) , (5.28)
where the anomalous dimensions of the scalar and tensor operators are γS = −6CF = −8,
γT = 2CF = 8/3 respectively and β
(f)
0 = 11 − 2nf/3 [21] and nf is the number of active
quark flavours [22, 23]. One can use the equations above to run down couplings from a
chosen value of mLQ to the tau mass, mτ .
In the simplified scenario with the presence of only one type of leptoquark, namely
R2 or S1, the scalar SL and tensor TL Wilson coefficients are no longer independent: one
finds that at the scale of leptoquark mass SL(mLQ) = 4± TL(mLQ). Then, using Eq. (5.28),
one obtains the relation at the τ mass scale,
SL(mτ ) ' ±8.93TL(mτ ) . (5.29)
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for a leptoquark mass of 1 TeV [20]
5.3 V ± A interactions
There are some models that can lead to V ± A NP operators, like W ′ model in
Eq.(4.3). In this work, we just use the model independent approach. Therefore we just care
about VL and VR only. Then, generally the effective Hamiltonian can be written as
Heff = 4GFVqq′√
2
[(1 + VL)[τ¯ γ
µPLντ ][q¯′γµPLq] + VR[τ¯ γµPLντ ][q¯′γµPRq]]. (5.30)
The differential cross section with respect to the variables (x, y) is given in [24]. One
can give it in terms of the momentum transfer using Eq.( 5.16) as follows
dσSM+V
dq2dν
=
G2F
8piE2ν
((|a′|2 + |b′|2)(m2` − q2)W1
+
1
2
(|a′|2 + |b′|2)(4E2ν − 4Eνν − (m2` − q2))W2
− 1
M
Re[a′b′∗](2Eνq2 + ν(m2` − q2))W3 −
1
M
(|a′|2 + |b′|2)m2`EνW5),
dσSM+V
dxdy
=
G2FMEν
pi
(
y(xy +
m2`
2MEν
)
1
2
(|a′|2 + |b′|2)F1 + (1− y − Mxy
2Eν
− m
2
`
4E2ν
)
1
2
(|a′|2 + |b′|2)F2
+(xy(1− y
2
)− y m
2
`
4MEν
)Re[a′b′∗]F3 − m
2
`
2MEν
1
2
(|a′|2 + |b′|2)F5
)
,
(5.31)
where the definitions are
a′ = 1 + VL + VR,
b′ = 1 + VL − VR.
(5.32)
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CHAPTER 6
NEW PHYSICS CONSTRAINTS
In order to investigate the new physics effects on τ neutrino nucleon deep inelastic
scattering, we have to know the possible value of the new physics coupling constants SL, SR
and TL. This chapter will discuss this issue.
Because pion is a pseudoscalar, the scalar couplings SL and SR will be constrained by
τ one-pion decay. While the tensor coupling TL can be constrained by the two-pion decay
channel of τ , τ(p)→ pi−(p1) + pi0(p2) + ντ (p3).
6.1 τ−(k1)→ ντ (k2) + pi−(q)
The hadronic current of the bound state pi can be parametrized as
〈0|d¯γµ(1− γ5)u|pi(q)〉 = −i
√
2fpiq
µ, (6.1)
TL〈0|d¯σµν(1− γ5)u|pi(q)〉 = 0, (6.2)
where fpi is the decay constant. The SM decay rate is
ΓpiSM =
1
8pi
G2F |Vud|2f 2pim3`
(
1− m
2
pi
m2`
)2
δτ/pi . (6.3)
Here δτ/pi = 1.0016± 0.0014 [25] is the radiative correction. Further, the SM branching ratio
can also be expressed as [26]
BrSMτ−→pi−ντ = 0.607Br(τ
− → ντe−ν¯e) = 10.82± 0.02% , (6.4)
while the measured Br(τ− → pi−ντ )exp = (10.91 ± 0.14)% at 2 σ. [27]. In the presence of
the scalar NP operators, the decay rate is
ΓpiLQS =
1
8pi(mu +md)2
G2F |Vud|2B2f 2pim4pim`
(
1− m
2
pi
m2`
)2
, (6.5)
where
〈0|d¯(A−Bγ5)u|pi(q)〉 = i
√
2fpim
2
pi
mu +md
B. (6.6)
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Since we cannot make a antisymmetric tensor with only qµ, tensor NP operators cannot
make contribution to this decay channel. Thus, the total branching ratio can be written as
follows
BRpitot = BR
pi
SM
(
1 + (rpiS)
2
)
, (6.7)
where
(rpiS)
2 =
BRpiLQS
BRpiSM
, (6.8)
with
rpiS =
Bm2pi
m`(mu +md)
. (6.9)
Note, the interference term of the SM and scalar terms vanishes.
If the right handed coupling is fixed to be zero SR = 0, the allowed values of the left
handed coupling will be 0 < |SL| < 9.25. On the other hand, when SL = 0, the experimental
constraints will give 0 < |SR| < 9.25. The allowed region of the couplings are given Fig. 6.1
for the measured τ− → pi−ντ within the 2σ level. Once we take the couplings to be real
values, and in another case we assume the right-handed component vanishes and take the
left-handed coupling complex. The SM expectation for the branching ratio is allowed within
the experimental range. Here we use the constituent up and down quark mass mu = 336
MeV and md = 340 MeV [28].
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Figure 6.1: The constraints on the scalar NP operator couplings. The colored region is
allowed. The constraint is from τ− → pi−ντ . Left panel: we treat SL and SR as real
couplings. Right panel: we take SR = 0 and treat SL as a complex coupling. We will get
the same figure when we do SL = 0 and SR is a complex coupling.
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6.2 τ(p)→ pi−(p1) + pi0(p2) + ντ (p3)
Here we consider three-body decays of τ . The process is
τ(p)→ ντ (p3) + pi−(p1) + pi0(p2). (6.10)
Figure 6.2: τ Three-body decay.
In the rest frame of pi− and pi0,
p =
(
E, ~P
)
, p1 =
(
E1, ~P1
)
, p2 =
(
E2, − ~P1
)
, p3 =
(
E3, ~P
)
,
k = p1 − p2 =
(
E1 − E2, 2 ~P1
)
, q = p1 + p2 =
(
E1 + E2, 0
)
,
and we define two Lorentz invariant variables,
m212 = (p1 + p2)
2 = q2,
m223 = (p2 + p3)
2. (6.11)
Then, the decay rate can be expressed as (derivation details in Appendix (D))
dΓ =
1
(2pi)3
1
32m3τ
Xdm212dm
2
23, (6.12)
with
X =
1
2
∑
spin
|MSM +MLQT |2 = 1
2
∑
spin
|MSM |2 + 1
2
∑
spin
|MLQT |2, (6.13)
where the cross terms are zero, and
MSM =
−iGFVud√
2
〈pi−pi0|d¯γµ(1− γ5)u|0〉u¯ντγµ(1− γ5)uτ , (6.14)
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MLQT =
GFVud√
2
TL〈pi−pi0|d¯σµν(1− γ5)u|0〉u¯ντσµν(1− γ5)uτ . (6.15)
It is not hard to show that,
〈pi−pi0|d¯γµ(1− γ5)u|0〉 =
√
2F (q2)kµ, (6.16)
〈pi−pi0|d¯σµν(1− γ5)u|0〉 =
√
2FT (q
2)(kµqν − qµkν). (6.17)
〈pi−pi0|d¯(1− γ5)u|0〉 = 0, (6.18)
The form factor F (q2) is given in [29]. The origin of
√
2 comes from the wavefunction of
pi0 = 1√
2
(uu¯+ dd¯). Considering the isospin symmetry, uu¯ = dd¯ = φ, so pi0 =
√
2φ. Using the
equations of motion, we have
FT = −i(mu +md)
q2
F. (6.19)
When we contract qµ on the each side of Eq.(6.16), we can see that the scalar NP operators
cannot contribute since k · q = 0. By averaging the spin, we can get
XSM = 4G
2
FV
2
udF
2(q2)[2(k · p)(k · p3)− k2(p · p3)], (6.20)
and,
XLQT = 16G
2
FV
2
udT
2
L(mu +md)
2F
2(q2)
q4
[(k · q)2(−p · p3) + 2(k · q)((k · p3)(p · q)
+(k · p)(p3 · q))− 2q2(k · p)(k · p3) + k2(q2(p · p3)− 2(p · q)(p3 · q))].
(6.21)
All these X ′s can be expressed in terms of m212 and m
2
23 because
E1 =
m212 −m22 +m21
2m12
, (6.22)
E2 =
m212 −m21 +m22
2m12
, (6.23)
E3 =
M2 −m212 −m23
2m12
, (6.24)
E =
M2 +m212 −m23
2m12
, (6.25)
2~p1 · ~p = m223 −m22 −m23 − 2E2E3, (6.26)
|~p| =
√
E2 −M2, (6.27)
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|~p1| =
√
E21 −m21, (6.28)
with M = mτ = 1.77 GeV, m1 = mpi− = 0.140 GeV, m2 = mpi0 = 0.135 GeV, m3 = mντ = 0.
Let’s work on the SM case first and set
A1 = k · p = E(E1 − E2)− 2~p1 · ~p
= E(E1 − E2) + 2E2E3 +m22 +m23 −m223, (6.29)
A2 = k · p3 = E3(E1 − E2)− 2~p1 · ~p
= E3(E1 − E2) + 2E2E3 +m22 +m23 −m223, (6.30)
A3 = k
2 = (E1 − E2)2 − 4~p12
= (E1 − E2)2 − 4(E21 −m21), (6.31)
A4 = p · p3 = E1E3 − ~p2
= E1E3 − E2 +M2. (6.32)
Then,
XSM = 4G
2
FV
2
udF
2(q2)[2A1A2 − A3A4], (6.33)
Now, let us integrate XSM by m
2
23 within the limits
(m223)max = (E2 + E3)
2 −
(√
E22 −m22 −
√
E23 −m23
)2
, (6.34)
(m223)min = (E2 + E3)
2 −
(√
E22 −m22 +
√
E23 −m23
)2
, (6.35)
where m1 = m2 = mpi, m
2
12 = q
2 and M = mτ . One can get
ΓSM =
4G2Fm
5
τ
96(2pi)3
cosθc
2
∫ q2max
q2min
dq2
m2τ
F 2(q2)
(
1− q
2
m2τ
)2(
1 + 2
q2
m2τ
)(
1− 4m
2
pi
q2
)3/2
. (6.36)
Now, we can integrate over m212 within the limits
q2max = (m
2
12)max = (M −m1)2,
q2min = (m
2
12)min = (m1 +m2)
2. (6.37)
We find that ΓSM = 5.53 × 10−13 GeV. The total decay rate of τ is Γtot = 2.27 × 10−12
GeV, so that BR(τ− → ντ + pi− + pi0) is 24.3% in our calculations which is close to the
experimental result (25.52 ± 0.09)% [30]. Using the CVC hypothesis, it is predicted that
B(τ− → pi−pi0ντ ) = (24.75± 0.38)% [31].
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Now let’s work on the tensor NP operator case, we set
B1 = k · q = E21 − E22 , (6.38)
B2 = p · p3 = EE3 − ~p2, (6.39)
B3 = k · p3 = E3(E1 − E2)− 2~p · ~p1, (6.40)
B4 = p · q = E(E1 + E2), (6.41)
B5 = k · p3 = E(E1 − E2)− 2~p · ~p1, (6.42)
B6 = P3 · q = E3(E1 + E2), (6.43)
B7 = q
2 = (E1 + E2)
2, (6.44)
B8 = k
2 = (E1 − E2)2 − 4~p12. (6.45)
Then,
XLQT = 8G
2
FV
2
udT
2
LF
2
T (q
2)[−B21B3 + 2B1(B3B4 +B1B6)− 2B7B1B5 +B8(B7B2 − 2B4B6)],
(6.46)
Similarly, we can get ΓLQT = 2.82× 10−12T 2L GeV.
From the constraint τ− → pi−pi0ντ , we find that 0.04 < |TL| < 0.105 within the
2σ level. If we take the tensor coupling to be complex, the contour plot in Fig. 6.3 shows
the allowed region of the real and imaginary components of the coupling for the measured
τ → pi−pi0ντ within the 2σ level. The SM expectation for the branching ratio is not allowed
within the experimental range at the 2σ level but it is allowed at higher standard deviation
level.
In the explicit model, SL(mLQ) = ±4TL(mLQ), one can obtain the constraint on SL
and TL from τ
− → ντpi− and τ− → pi−pi0ντ at the same time. The allowed regions of the
real and imaginary components are shown in the contour plot in Fig. 6.4.
32
-0.10 -0.05 0.00 0.05 0.10
-0.10
-0.05
0.00
0.05
0.10
Re@TLD
Im
@T
LD
Figure 6.3: The allowed region for the real and imaginary components of the complex lep-
toquark coupling TL. The constraint on TL is from τ
− → pi−pi0ντ .
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Figure 6.4: The allowed regions for the real and imaginary components of the leptoquark
running couplings SL(mτ ) and TL(mτ ) for SL(mLQ) = ±4 TL(mLQ). The constraint on
SL(mτ ) is from τ
− → pi−ντ and TL(mτ ) is from τ− → pi−pi0ντ .
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CHAPTER 7
NUMERICAL ANALYSIS
In this section the sensitivity of the neutrino cross-section experiments to the scalar,
tensor and V ± A NP operators will be discussed. We will study the ratio of the total
cross section, dσ/dxdy, and dσ/dt for the tau-neutrino to the muon-neutrino scattering.
Also, we will show the results of the total cross section, dσ/dxdy, and dσ/dt for the process
ντ +N → τ +X.
7.1 Scalar Tensor And Leptoquark Results
The ratio of the total cross section is shown in Fig. 7.1 while the ratio of the differential
cross sections are given in Figs. (7.2, 7.3). One can see that it is not difficult to distinguish
between the new physics and the SM total cross section results. And, the impact of the new
physics is clearly detectable in the ratio of the differential cross sections. In Fig. 7.4, we
show the results in the light of the particular model SL(mLQ) = ±4 TL(mLQ). It is again
easy to observe the effect of the new physics. The new physics effect is the same in the total
cross section, dσ/dxdy, and dσ/dt for the process ντ + N → τ + X, as shown in Figs. (7.5,
7.6, 7.7, 7.8).
Figure 7.1: Scalar and tensor model: The ratio between the total cross section of
ντ + N → τ + X to νµ + N → µ + X in the scalar and tensor model. The
green solid line corresponds to the standard model prediction SR = SL = TL = 0.
The blue dashed, black dotted and red dotdashed lines correspond to (SR, SL, TL) =
(1.49,−0.73, 0.067), (1.98, 0.04,−0.079), (−1.87, 0.32, 0.077).
34
Figure 7.2: Scalar and tensor model: The ratio between the differential cross sec-
tion (dσ/dxdy) of ντ + N → τ + X to νµ + N → µ + X in the scalar and
tensor model. The green lines correspond to the standard model predictions with
SR = SL = TL = 0. The blue, black, and red lines correspond to (SR, SL, TL) =
(1.64,−1.95,−0.07), (2,−2,−0.09), (2,−1.9,−0.078). The blue and green dashed lines cor-
respond to the maximum values (x, y) = (0.95, A+B). The black and green dotdashed lines
correspond to the halfway values (x, y) = (0.475, (A+B)/2). The red and green dotted lines
correspond to the minimum values (x, y) = (
m2`
2M(Eν−m`) , A−B).
Figure 7.3: Scalar and tensor model: The ratio between the differential cross section (dσ/dt)
of ντ+N → τ+X to νµ+N → µ+X in the scalar and tensor model. The green dashed, dotted
and dotdashed lines correspond to the standard model predictions with SR = SL = TL = 0
at Eν = 30, 20, 10, respectively. The blue dashed, black dotted, and red dotdashed lines
correspond to (SR, SL, TL) = (−1.45, 1.89,−0.056), (1.1,−1.8, 0.078), (−1.89, 1.67,−0.085)
at Eν = 30, 20, 10, respectively. The physical regions of the momentum transfer taken to be
Q2−(Wcut) ≤ Q2 ≤ Q2+(Wcut).
7.2 V ± A model results
The sensitivity of the experiments to the ratio of the total cross section, dσ/dxdy, dσ/dt are
shown in Figs. (7.9, 7.10, 7.11), respectively. The figures show that it is difficult to distinguish
the presence of the V ± A NP operators in the neutrino cross section measurements. The
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Figure 7.4: Explicit scalar and tensor model: The ratio between the differential cross
section (dσ/dt) of ντ + N → τ + X to νµ + N → µ + X in the explicit scalar and
tensor model with SL(mLQ) = ±4 TL(mLQ) at mLQ = 250 GeV. The green dashed,
dotted and dotdashed lines correspond to the standard model predictions with SR =
SL = TL = 0 at Eν = 30, 20, 10, respectively. The blue, black, and red lines corre-
spond to (Re[SL(mLQ)], Im[SL(mLQ)], Re[TL(mLQ)], Im[TL(mLQ)]) = (0.47, 0.42, 0.12, 0.11)
at Eν = 30, 20, 10, respectively. The physical regions of the momentum transfer taken to be
Q2−(Wcut) ≤ Q2 ≤ Q2+(Wcut).
Figure 7.5: Scalar and tensor model: The total cross section of ντ + N → τ + X in the
scalar and tensor model. The green solid line corresponds to the standard model prediction
SR = SL = TL = 0. The blue dashed, black dotted and red dotdashed lines correspond to
(SR, SL, TL) = (1.49, -0.73, 0.067), (1.98, 0.04, -0.079), (-1.87, 0.32,0.077).
new physics effect is the same in the total cross section, dσ/dxdy, and dσ/dt for the process
ντ +N → τ +X, as shown in Figs. (7.12, 7.13, 7.14).
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Figure 7.6: Scalar and tensor model: The differential cross section (dσ/dxdy) of ντ + N →
τ + X in the scalar and tensor model. The green lines correspond to the standard model
predictions with SR = SL = TL = 0. The blue, black, and red lines correspond to
(SR, SL, TL)=(1.64,-1.95,-0.07),(2,-2,-0.09),(2,-1.9,-0.078). The blue and green dashed lines
correspond to the maximum values (x, y) = (0.95, A + B). The black and green dotdashed
lines correspond to the halfway values (x, y) = (0.475, (A+B)/2). The red and green dotted
lines correspond to the minimum values (x, y) = (
m2`
2M(Eν−m`) , A−B).
Figure 7.7: Scalar and tensor model: The differential cross section (dσ/dt) of ντ +N → τ+X
in the scalar and tensor model. The green dashed, dotted and dotdashed lines correspond
to the standard model predictions with SR = SL = TL = 0 at Eν = 30, 20, 10, respectively.
The blue dashed, black dotted, and red dotdashed lines correspond to (SR, SL, TL)=(-1.45,
1.89 , -0.056),(1.1 , -1.8 , 0.078),(-1.89 , 1.67, -0.085) at Eν = 30, 20, 10, respectively. The
physical regions of the momentum transfer taken to be Q2−(Wcut) ≤ Q2 ≤ Q2+(Wcut).
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Figure 7.8: Explicit scalar and tensor model: The differential cross section (dσ/dt) of ντ +
N → τ +X in the explicit scalar and tensor model with SL(mLQ) = ±4 TL(mLQ) at mLQ =
250 GeV. The green dashed, dotted and dotdashed lines correspond to the standard model
predictions with SR = SL = TL = 0 at Eν = 30, 20, 10, respectively. The blue, black, and red
lines correspond to (Re[SL(mLQ)],Im[SL(mLQ)], Re[TL(mLQ)], Im[TL(mLQ)])=(0.47, 0.42,
0.12, 0.11) at Eν = 30, 20, 10, respectively. The physical regions of the momentum transfer
taken to be Q2−(Wcut) ≤ Q2 ≤ Q2+(Wcut).
Figure 7.9: V ± A model: The ratio between the total cross section of ντ + N → τ + X
to νµ + N → µ + X in the V ± A model. The green lines correspond to the stan-
dard model predictions VL = VR=0. The blue, black, and red lines correspond to
(VL, VR)=(0.027,0.020),(0.022,0.021),(0.011,0.006).
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Figure 7.10: V ± A model: The ratio between the differential cross section (dσ/dxdy) of
ντ + N → τ + X to νµ + N → µ + X in the V ± A model. The green lines correspond to
the standard model predictions VL = VR=0. The blue, black, and red lines correspond to
(VL, VR)=(0.027,0.020),(0.022,0.021),(0.011,0.006). The blue and green dashed lines corre-
spond to the maximum values (x, y) = (0.95, A + B). The red and green dotdashed lines
correspond to the halfway values (x, y) = (0.475, (A + B)/2). The black and green dotted
lines correspond to the minimum values (x, y) = (
m2`
2M(Eν−m`) , A−B).
Figure 7.11: V ± A model: The ratio between the differential cross section (dσ/dt) of ντ +
N → τ + X to νµ + N → µ + X in the V ± A model. The green lines correspond to
the standard model predictions VL = VR=0. The blue, black, and red lines correspond
to (VL, VR)=(0.027,0.020),(0.022,0.021),(0.011,0.006) at Eν = 30, 20, 10, respectively. The
physical regions of the momentum transfer taken to be Q2−(Wcut) ≤ Q2 ≤ Q2+(Wcut)
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Figure 7.12: V ±A model: The total cross section of ντ +N → τ +X in the V ±A model.
The green lines correspond to the standard model predictions VL = VR=0. The blue, black,
and red lines correspond to (VL, VR)=(0.027,0.020), (0.022,0.021), (0.011,0.006).
Figure 7.13: V ± A model: The differential cross section (dσ/dxdy) of ντ + N → τ + X
in the V ± A model. The green lines correspond to the standard model predictions VL =
VR=0. The blue, black, and red lines correspond to (VL, VR)=(0.027,0.020), (0.022,0.021),
(0.011,0.006). The blue and green dashed lines correspond to the maximum values (x, y) =
(0.95, A+B). The red and green dotdashed lines correspond to the halfway values (x, y) =
(0.475, (A + B)/2). The black and green dotted lines correspond to the minimum values
(x, y) = (
m2`
2M(Eν−m`) , A−B).
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Figure 7.14: V ± A model: The differential cross section (dσ/dt) of ντ +N → τ +X in the
V ±A model. The green lines correspond to the standard model predictions VL = VR=0. The
blue, black, and red lines correspond to (VL, VR)=(0.027,0.020), (0.022,0.021), (0.011,0.006)
at Eν = 30, 20, 10, respectively. The physical regions of the momentum transfer taken to be
Q2−(Wcut) ≤ Q2 ≤ Q2+(Wcut)
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CHAPTER 8
CONCLUSION
We discussed the ratio of the total and differential cross sections of the two deep
inelastic scattering processes ντ + N → τ + X and νµ + N → µ + X as a test of lepton
nonuniversality in the neutrino cross-section experiments. In the ratio of cross sections, the
uncertainty of the parton distribution functions cancelled out leading to precise results. We
introduced two new physics models, scalar, tensor model and V ±A model. In the scalar and
tensor model, scalar and tensor states were included with real and complex couplings. An
explicit case was discussed in the leptoquark model where the couplings run down from the
leptoquark mass scale to the tau mass scale with the left-handed scalar and tensor couplings
(SL, TL) are no longer independent, SL(mLQ) = ±4TL(mLQ) at mLQ = 1 TeV.
The constraint on the free parameters of the scalar leptoquark state (SL, SR) was
taken from the tau decay τ−(k1) → ντ (k2) + pi−(q). While the constraint on the tensor
coupling was considered from the tau three body decay mode τ(p)→ pi−(p1)+pi0(p2)+ντ (p3).
Here we considered the couplings are real and complex values.
The results showed that it is difficult to observe the new physics effect in the V ± A
model in the ratio of the total and differential cross sections. The new physics impact is
clearly detectable in the ratio of the differential cross sections. And it is not difficult to
distinguish between the new physics and the SM results in the ratio of total cross section.
The same observation is found in the total and differential cross sections of the process
ντ +N → τ +X in the scalar, tensor and V ± A models.
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Figure A.1: Feynman diagram of DIS in the parton approximation.
In the following, we will derive the Eq.(5.7) by using Eq.(5.5), which is given as follow
dσ = (2pi)4δ4(Σp′f − Σpi)
1
4E1E2vrel
(
∏
l
(2ml))(
∏
f
d3p′f
(2pi)32E ′f
)|M |2.
In the parton approximation and ignoring all the ml since it will be cancelled, we can obtain
dσ =
∫
f(ξ)dξ(2pi)4δ4(Σp′f − Σpi)
1
4E1E2vrel
(
∏
f
d3p′f
(2pi)32E ′f
)|M(ξ)|2, (A.1)
where
E1E2vrel = [(ξp1k1)
2 −m21m22]1/2 = ξp1k1. (A.2)
In the rest frame of nucleon, we have kµ1 =
(
Eν , 0, 0, Eν
)
, kµ2 =
(
Eτ , pτsinθ, 0, pτcosθ
)
,
pµ1 =
(
M, 0, 0, 0
)
, qµ = kµ1 − kµ2 =
(
Eν − Eτ , −pτsinθ, 0, Eν − pτcosθ
)
. Plugging
Eq.(A.2) into Eq.(A.1), we can obtain
dσ =
∫
f(ξ)dξ(2pi)4δ4(k2 + p2 −K1 − ξp1) |M(ξ)|
2
4ξp1k1
d3 ~k2
(2pi)32Eτ
d3 ~p2
(2pi)32E ′2
=
1
64pi2p1k1EτE ′2
∫
f(ξ)
ξ
dξ|M(ξ)|2δ4(k2 + p2 −K1 − ξp1)d3 ~k2d3 ~p2
=
1
32pi2p1k1
∫
f(ξ)
ξ
dξ|M(ξ)|2 δ(p
0
2 − q0 − ξp01)
2E ′2
d3 ~k2d
3
Eτ
; (~p2 = ~ξp1 + ~q). (A.3)
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By using the property of δ function, we know
δ(p02 − q0 − ξp01)
2E ′2
=
δ(p02 − q0 − ξp01)
2p02
= θ(p02)δ[(p
0
2)
2 − (ξp01 + q0)2]
= θ(ξp01 + q
0)δ[(p2)
2 − (ξp1 + q)2]
= θ(ξp01 + q
0)δ(2Mνξ + q2)
= θ(ξp01 + q
0)
δ(ξ − x)
2Mν
, (A.4)
where the definitions of x,y and ν are in the Eq.(5.6). Then, plugging Eq.(A.4) into Eq.(A.3),
we obtain
dσ =
1
32pi2p1k1
∫
f(ξ)
ξ
dξ|M(ξ)|2 δ(ξ − x)
2Mν
d3 ~k2
Eτ
. (A.5)
And we know that ∫
d3 ~k2
Eτ
=
∫
p2τdΩdpτ
Eτ
= 2pi
∫
pτdcosθdEτ . (A.6)
According to Eq.(5.6),we know
x =
2EνEτ −m2τ − 2pτEνcosθ
2Mν
,
y = 1− Eτ
Eν
. (A.7)
Therefore, we can obtain the relation
dxdy =
[ ∂x
∂cosθ
∂x
∂Eτ
∂y
∂cosθ
∂y
∂Eτ
]
dcosθdEτ ,
=
pτ
Mν
dcosθdEτ . (A.8)
Thus we have, ∫
d3 ~k2
Eτ
= 2piMν
∫
dxdy. (A.9)
Finally, we can obtain Eq.(5.7) by plugging Eq.(A.9) into Eq.(A.5).
dσ
dxdy
=
1
32piMEν
∫
dξ
ξ
f(ξ)|M¯(ξ)|2δ(ξ − x).
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APPENDIX B: DERIVATION OF dσSM/dxdy
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Let us start with Eq.(5.7)
dσSM
dxdy
=
1
32piMEν
∫
dξ
ξ
f(ξ)|M¯SM(ξ)|2δ(ξ − x),
where,
M¯SM(ξ)|2 = 1
2
Σspin|MSM(ξ)|2,
MSM(ξ) = (
−iGFVqq′√
2
)[u¯τ (k2)γ
µ(1− γ5)uντ (k1)][u¯q′(p2)γµ(1− γ5)uq(ξp1)].
(B.1)
Now assume
Lµ = u¯τα(k2)(γ
µ(1− γ5))αβuντβ(k1),
W (ξ)µ = u¯q′α(p2)(γµ(1− γ5))αβuqβ(ξp1) (B.2)
By using the equtions
Σspinuβ(p)u¯α(p) = (/p+m)βα,
Σspinνβ(p)ν¯α(p) = (/p−m)βα, (B.3)
we obtain
Lµν = ΣspinL
µL∗ν = (/k2 +mτ )σα(γ
µ(1− γ5))αβ(/k1)βρ(γµ(1− γ5))ρσ,
= Tr[(/k2 +mτ )γ
µ(1− γ5)(/k1)γµ(1− γ5)],
= 4[−2gµνk1 · k2 + 2iµνρσk1ρk2σ + 2(kµ1kν2 + kµ2kν1)],
W (ξ)µν = ΣspinWµW
∗
ν = (/p2)σα(γµ(1− γ5))αβ(ξ/p1)βρ(γµ(1− γ5))ρσ,
= Tr[/p2γµ(1− γ5)ξ/p1γµ(1− γ5)],
= 4ξ[−2gµνp1 · q + 2iµνρσp1ρqσ + 2(p1µqν + qµp1ν) + 4ξp1µp1ν ].
(B.4)
Plugging Eq.(B.4) into Eq.(B.1), we can obtain
M¯SM(ξ)|2 =
G2FV
2
qq′
4
LµνWµν ,
dσSM
dxdy
=
G2FV
2
qq′
128piMEν
∫
dξ
ξ
f(ξ)LµνW (ξ)µνδ(ξ − x),
=
G2FV
2
qq′y
16pi
[A+B − C + E]f(x), (B.5)
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where
A = 16k1 · k2 = 16MEν(xy + m
2
τ
2MEν
),
B = 8
2(k1 · p1)(k2 · p1)− p21(k1 · k2)
p1 · q = 16(MEν)
2(1− y −Mxy/(2Eν)−m2τ/(4E2ν))/(p1 · q),
C = 16
(k1 · q)(k2 · p1)− (k1 · p1)(k2 · q)
p1 · q = −32(MEν)
2[xy(1− y/2)− ym2τ/(4MEν)]/(p1 · q),
E = 16
(k1 · q)(k2 · p1) + (k1 · p1)(k2 · q)− (k1 · k2)(p1 · q)
p1 · q = 16(MEν)
m2τ
p1 · q . (B.6)
Then, we can easily get Eq.(5.7)
dσSM
dxdy
=
G2FMEν
pi
(
y(xy +
m2`
2MEν
)F1 + (1− y − Mxy
2Eν
− m
2
`
4E2ν
)F2 +(xy(1− y
2
)− y m
2
`
4MEν
)F3 − m
2
`
2MEν
F5
)
,
where the from factors Fi, (i = 1, 2, 3, 5) are given in Eq.(5.15).
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APPENDIX C: PARTON DISTRIBUTION FUNCTION
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The quark distribution function can be usefully decomposed into valence quarks
and sea quarks. The presence of the valence quarks is already indicated by the original quark
model. Like protons and neutrons have valence quarks of (uud) and (udd), respectively. The
sea quarks correspond to those quarks pairs produced by the gluons. Therefore τ neutrino
cannot only interact with d quark in nucleon, but also can interact with s,u¯, and c¯ quarks
in the following process
ντ + d→ τ− + u(c), ντ + s→ τ− + c(u), ντ + u¯→ τ− + d¯(s¯), ντ + c¯→ τ− + s¯(d¯).
Using the isospin symmetry, we have
up(x) = dn(x) ≡ u(x),
un(x) = dp(x) ≡ d(x),
sp(x) = sn(x) ≡ s(x)
. (C.1)
And The hadronic weak current has the form
Jµh = u¯γ
µ(1− γ5)(d cosθC + s sinθC) + c¯γµ(1− γ5)(−d sinθC + s cosθC), (C.2)
where θC is Cabibbo angle. Thus, if we only consider about light quarks(u,d,s) and the
nucleon has equal number of protons and neutrons, we can write function fq,q¯(ξ,Q
2) in
Eq.(5.15) as follow
fq(ξ,Q
2) =
u+ d
2
cos2θC + s sin
2θC ,
fq¯(ξ,Q
2) =
u¯+ d¯
2
.
(C.3)
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APPENDIX D: τ THREE-BODY DECAY
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The decay rate Γ can be expressed as
Γ =
1
2Ei
∫ ∏
f
d3pf
(2pi)32Ef
(2pi)4δ4(pi − Σfpf )|Mfi|2. (D.1)
In the process of τ three-body decay
τ(p)→ ντ (p3) + pi−(p1) + pi0(p2),
there are three particles in the final state. For the convenience, we use the rest frame of τ .
Then, the four-momentum has the forms as pµ =
(
mτ , ~0
)
, pµ1 =
(
E1, ~p1
)
, pµ2 =
(
E2, ~p2
)
,
pµ3 =
(
E3, ~p3
)
. The decay rate then can be written as
Γ =
1
2mτ
∫
d3p1
(2pi)32E1
d3p2
(2pi)32E2
d3p3
(2pi)32E3
(2pi)4δ4(p− p1 − p2 − p3)|Mfi|2,
=
1
2mτ (2pi)5
∫
d3p1d
3p2d
3p3
8E1E2E3
δ4(p− p1 − p2 − p3)|Mfi|2. (D.2)
The phase integral is
R3 =
∫
d3p1d
3p2d
3p3
8E1E2E3
δ4(p− p1 − p2 − p3). (D.3)
We first integrate Eq.(D.3) over p3 with the result
R3 =
∫
d3p1d
3p2
8E1E2E3
δ(mτ − E1 − E2 − E3),
~p = ~p1 + ~p2 + ~p3. (D.4)
The next step is to integrate over the angles. First integrate over the directions ~p2
relative to a fixed direction of ~p1, then over the directions of ~p1 itself. Assume θ is the angle
between ~p1 and ~p2 and set cosθ = ξ. Then the first angular integration gives 2pip
2
2dp2dξ.
After first integration, no direction is distinguished any more. Therefore the second angular
integration gives 4pip21dp1. Hence we obtain
R3 = pi
2
∫
p21p
2
2
E1E2E3
dp1dp2dξδ(mτ − E1 − E2 − E3). (D.5)
Next, we need to change variables from p1, p2.ξ to E1, E2, E3. According to Einstein’s mass-
energy relation and conservation of momentum, we have the formula for each energy as
follow
E1 =
√
p21 +m
2
1,
E2 =
√
p22 +m
2
2,
E3 =
√
p23 +m
2
3 =
√
(p1 + p2)2 +m23 =
√
p21 + p
2
2 + 2p1p2ξ +m
2
3. (D.6)
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We now transform the variables by means of
dp1dp2dξ = dE1dE2dE3|∂(E1E2E3)
∂(p1p2ξ)
|−1, (D.7)
where the Jacobian is
∂(E1E2E3)
∂(p1p2ξ)
|−1 = E1E2E3
p21p
2
2
. (D.8)
Inserting this into the integral (D.5) yields
R3 = pi
2
∫
dE1dE2dE3δ(mτ − E1 − E2 − E3),
= pi2
∫
dE1dE3; mτ = E1 + E2 + E3. (D.9)
As in the rest frame of τ we have
m212 = (p1 + p2)
2 = (p− p3)2 = m2τ +m33 − 2mτE3,
m223 = (p2 + p3)
2 = (p− p1)2 = m2τ +m31 − 2mτE1, (D.10)
the phase integral can be written as
R3 =
pi2
4m2τ
∫
dm212dm
2
23. (D.11)
Inserting this into Eq.(D.2), we can obtain Eq.(6.12)
dΓ =
1
(2pi)3
1
32m3τ
Xdm212dm
2
23,
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